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DESIGNEDFORNEARSONICINZE!TVELOCITIES

ByRichardScherrerandWarrenE.Anderson

SUMMARY.

Testshavebeenconductedwitha seriesofdiffusershapesdefined
by mpiricalequationshavingconstantswhicharerelatedto theinitial
boundary-layerthiclmess.Theshapesweredesignedtoprovidehighpres-
mre recoveryatnearsonicinletMachnumbers,andtestswereconducted
throughthemass-flowrangewitha varietyofattachedandseparated
initialboundarylayers.Testswerealsoconductedwithtwooffsetducts
andwitha varietyof surfaceconditionsintheshortestduct.

Theexperimentalresultsprovidesubstantiationforthedesigntrends
uponwhichtheempirical.equationswerebased.Inaddition,itwasfound
thatforthe@sLLy symmetricductstested,theeffectofinitialr boundary-layerthicknessonpressurerecwerywasasimportantasthat
ofductshape.Thebestperformancewasobtainedwitha shortductwith
a thininitialboundarylayer.Withseparatedboundsxylayers,extended
entrylengthsprovidedmarkedlyimprovedpressurerecoveryandflow
steadinessrelativeto a similarductwithno entryextension.Theoff-
setductssufferedlossesinallp=formancepsmmetersrelativeto a
similaraxiallysymmetricduct.Nearmaximummassflow,thesurfacecon-
ditionsinvestigatedhadonlysmalladverseeffectsonpressurerecovery.
A lossof severalpercentintotalpressurerecoveryoccurredwithair
leakageintotheductnearthethroat.

INTRODUCTION

Althoughnumerousinvestigati~softheperformanceof subsonic
diffusersI&e beenmadeovera periodofyears,theneedforefficient
air-inductionsystasfortheturbojetandram-jetenginesof supersonic
aircrafthascauseda demandforfurtherresearchonthisclassicproblqn.1
Withefficientmethodsof supersoniccompression,theinitialMachnumber

‘Areviewofthehistoryofdiffuserresearchisgiveninreference1.
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2 NACATN 3668

in a *sonic diffuser is high (~ O.8) andpositivepreBsuregradients
canbe large.Also,thereexistsaninitialboundsrylayerattheduct
entrancewhichcanbe thin,thick,or separated.To achievethehigh L

levelsofflowuniformity,steadiness,andpressurerecoveryrequiredby
jetengines,considerablecaremusthe exercisedinthelayoutofducts
to insurethathighpositivepressuregradientswhichcauseseparation
areavoidedand,inthecaseofinitiallyseparatedflow,thatreattach-
mentwilloccurinthesubsonicdiffuser.

Almostallexperimentswithisolatedsubsonicdiffusershavebeen
conductedwithunitshavingconstantdivergenceanglesandusuallyonly
pressurerecoveryhasbeenmeasured.Notableexceptionsaretheinvesti-
gationsofreferences2, 3, and4 inwhichextensivestatic-pressure
distributionsandnumerousboundary-layerprofilesweremeasuredinlsrge
conicaldiffusers.Inthedesignof subsonicdiffusersforsupersonic
air-tiductionsystems,itisalsonecesssrytohaveknowledgeofthegeo-
metricandflowvariablesaffectingflowuniformityandflowsteadiness
inadditiontoknowledgeoffactorsaffectingpressurerecovery.

Numerousstudieshavebeenmadeusingturkmlentboundsry-layertheory
to obtainefficientdiffusershapesforincompressibletwo-dimensional.
andaxiallysymmetricflows.However,as showninreference5, etisting
turbulentboundary-layertheoryh compressibleflowisnotsufficiently
refinedfordesi~purposesbecausetheeffectsofpositivepressure
~adientsarenotlmowqwithsufficientaccuracy.As a result,a variety “
ofmethodshasbeenap@iedinthedesignofactualductinstallations.
Forthemostpart,theseductshapesaresimplyfairings,basedonexpe-
rience,fromthe5nlettotheexitaftertheseareashavebeenlocated
sndtheirsizescalculated.Becauseofthealmostinfinitenumberof
possiblefairings,conibinedwiththenumberofpossiblecombinationsof
Mtial conditions,itis difficultto designanefficientductshape

-forgivenoperatingconditionsfromexistingdata.Whentheadditional
considerationsofoff-designoperation,andweightandvolumelimitations
areincludedintheductprobla,itbecomesdoublydifficultto obtain
an efficientduct.Thepurposesofthepresentpreliminaryinvestigation
were: (1)toprovideinformationformoresystematicdiffuserdesi~by
developingan empiricalgeneralequationfortheradiusdistributionof
-ally symmetricdiffusers,(2)to selectcoefficientsforthegeneral
equationfromstudyofavailabletheoryandexpertient,and(3) to make
measurementsofpressurerecovery,flowuniformity)=d fl-owstea~ess
in severaloftheresultingdiffusers.Theexperimentsareexploratory
innatureandserveto indicatequalitativeagreaentbetweenthedesign
trendsuponwhichtheempiricalequationsarebasedsmdtheperformance
oftheempiricalductshapes.Theinvestigationalsoincludedmeasure-
mentof someeffectsofductcenter-lineoffsetandsurfaceconditions
to determinetheorderofmagnitudeoftheseeffects.

————
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x distancedownstreamfromminimumareastation

Y distance-fromreferencesurfaceorcenterline

5 boundary-layertbiclmess

5* boundary-layerdisplacementthiclmess

e boundary-layermomentumthickness

e“ halfofdiffuserdivergenceangle-

P massdensity

Subscripts

m auibientconditions

z localconditions

1 bellmouthentrancestation

21 mibsonic diffuserentrance(minimumarea)statiw

9 rakemeasuringstation(cmpressorinlet)

4 etitstation

DIXFUSER-SHAl?EEQUATIONS

A studyofavailabletheoryandexperiment
leastfourgeometricvariablesmustbe included

hasindicatedthatat
inan equationto define

a familyofreasonable
entranceMachnumbers.
sketch:

diffusershapeswhicharetohavenearsonic
Thesevariablesareillustratedinthefollowing

~ (p+ _#~
21 3

01Entrylength @ Max5mumslope

o2 Initialslope w it slope
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Theentrylengthisa regionofnearlyconstantcross-sectionalarea
and,aswillbe discussedindetaillater,hasbeenfoundtobe essential
h someductsystems.Froma studyoftestdatafordiffuserswithvari-
ousinitialflowconditions,ductshapesweregenerallyfoundto require
a changeinwallslopefromtheinitialto themaximumandfinalvalues
whenflowseparationistobe prevented.A criterionforavoidingsepa-
rationintwo-dtiensionalincompressibleflowisthatseparationwill
neveroccurwhentheboundary-layershapeparameterH (H= b*/e)iS
equalto orlessthan1.8(seeref.6). Thisconditionhasbeenassumed
andisfundamentalintheempiricalevolutionoftheshapeequationsand
evaluationoftheconstantswhicharediscussedindetaillaterinthis
report.

Itispossibleto describediffusershapes,suchasthatshownin
thesketch,withmanydifferentequations,butanexponentialpolynomial
formwasfoundtobemostconvenient.Itwasalsofoundconvenient,and
reasonableinthelightofexistingdata,tousetwoequationsto describe
diffusershapes.Thefirstequationdefinesthelongitudinaldistribution
oflocalradiusofanaxiallysymmetricdiffuserasdictatedby thedesired
initial,~, andfinalslopes.Thesecondequationisarrangedto
protidedesiredentrylengthsby an exponentialstretchingoftheordinate
spacingsintheupstreamdirection.Theseequationsare:

r—.
( zcfl-~+~(’-ce)

1+9X+1r2t K
(1)

*
where

x

a

b

K

and

where

c

s

K&r2r

exitslope

functionof G2?/r2t

constant

(–)x

‘Ztextension()x (-)=‘=’eq.(1)
= EF eq.(1)

- ce

entrylen@h extensionh termsofinletradii

constant

(2)
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Intheseequations,theexponentswereselectedby inspectionof
diffusercontoursresultingfromcalculationsutilizingvariouscombina-
tionsofexponents.TheconstantsS,K, a,andb havebeenevaluated
by a studyofavailabledatain conjunctionwiththeempiricalequation
toprovidesatisfactorydiffusershapes.Theinitialslopeofthecurves
deftiedby equation(1)is zero;thereasonsjustif@ngtheselectionof
thisvaluewillbe discussedsubsequently.

Theneedforsomeentrylengthisindicatedby theresultsofrefer-
ences7 through10. E&endedentryregionsas greatas3 inletdiameters
inlengthhavebeenshowntoprovidesteadyflowforwiderangesofmass-
flowratioatbothsubsonicandsupersonicspeeds.Thereasonforextend-
ingtheentryofa diffuseristoprovidea regionofnearlyuniform
pressuretiwhichtheboundary-layershapeparameterH canreduceto a
valueforwhichthesubsequentdiffuserwasdesigned.Equation(2)pro-
videsfortheforwardextensionofa diffusershape,fr~ eq~tion(1),
by anydesiredamountthroughselectionofa valueoftheconstantc.
Sincethereisonlya qualitativelinkbetweentheinitialboundary-
layerconditionsaudthevalueof c,itisnecessaryto determinethe
bestvaluefora givenductsystemby judgmentandexperiment.Thevalue
of S W theexponentof e inequation(2)wasselectedsothatthe
maximumandexitslopeswouldremainessentiallyunchangedwhentheentry
lengthwasextended(S= ~). A lowervalueof S wouldresultina
reductioninmaximumslopewithincreasingentrylength.

Theselectionofa zerovalueofinitialslopeisjustifiedquali-
tativelyby referenceto one-dimensionalflowrelations.It canbe shown
thatwhentheflowattheentryisnearsonictherateofareachangewith
lengthmustbe nearzerotopreventlargepositivepresswegradients.
Also,experimentalpressuredistributionsshowninreference11indicate
thattopreventtheformationofa localsupersonicregionnearthewall
attheentryto evena low-angleconicaldiffuser,itisnecessarytouse
a lowinitialdivergencesngle(e”~ 10). Anotherinvestigationofthe
flowattheentryto a 10°included-angleconicaldiffuser(ref.3) shows
thattopreventtheformationofa supersonicregionatthethroat,a
circular-arcfairingwitha radiusofat leasteightttiesthethroat
radiuswasrequired.Seddon(ref.12)alsodiscussestheadvantagesof
a lowvalueofinitialslopeandsomeentrylengthtoprovidethebest
pressurerecoveryin subsonicnoseinletsforwiderangesofinletveloc-
ityratio.Therequirementsofa nearzeroinitialslopeanda gradual
fairingtothenwdmumslopearesatisfiedby equation(1)andareunaf-
fectedlyequation”(2).

A regionof~ slopeetistsbecauseastheflowisdecelerated
fromnearsonicspeed,thewallslopeincreasesfora constantpositive
pressuregradient.Thepracticalmaximumslopeislimitedbyboundsry-
layerseparationandmustbe relatedtotheinitialboundary-layerthick-
ness. Sucha relationis obtainedfromthetheoryofreference13 and,
fora constantvalueof H, therelationshipis
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[
tan filomax= constant “ ‘2’

192i(Reea,
p/6 1 (3)

Sincethevariationin (Ree,)1/6is small betweenu~ modelsandfull-
seal.eaircraftflyingathi& altitudes(theconditionofmaximumezt),

/theparameterrat@2t isprobablysufficientforcorrelationoftest
results.Ithasbeenusedfrequently.inthepast. Examinationofexperi-
mentaldata(ref.2)andcalculationsusingrelationsfromreference13
~dicatethata reasonablerelationshipbetweentheinitialboundsry-
layerconditionsandthemaximumdivergenceanglesis

1— .
60- 0.133 + 9.1% (4)

The

The

the

formofthisequationis

constantswereevaluated

obtainedfromthetheory

byplottingintheform

ofreference13.
~s 021.—

r2t‘:?)datafromreference2 (wheree“ wasmeasuredus~g r - ~+ as ~Ta~

ordinates)andfromcalculationsfor H = 1.8basedonreference13. In
applyingequation(1),itisnecessaryto expresstheparameterb in
termsof e2t/r2tandthisexpression,basedon equation(4)asa boundary
condition,isa complexexpressionwhichcanbe appro-ted by the
relation

b = 0.1942- 6.42% (5)

Thedifferencebetweenthemaximumslopeas givenby equation(4)andas
finallyobtainedby equations(1)and(~)is lessthanA0.5°.Ductmodels
fortwovaluesof f32!/r2twereusedinthepresentinvestigation.These
andthecorrespondingvaluesofmaximumdivergencehalfangleand b are
tabulatedbelow ‘

0-, b
02t/r2!

*.
0.0045 5.75 0.165

.022 3 .053

Thesevalueswereselectedasrepresentativeofdiffuserswiththinand
thickboundarylayers.

Theexitslope,theconstanta inequation(l),is indicatedby
boththeoryandexperimenttobe lessthanthemaximumslopefordiffusers
witharearatiosoftheorderof 2:1. Thetheoreticaldiffusercontours
developedinreferences7 and13requireda gradual reductionin slope

. ....-. . . . . _____ __ — ——z. —.
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withticreasinglengthtomaintaina constantH. Intestsofconical
diffusers(refs.2,3,and4)withhighsubsonicvaluesof M2t,H was
foundto increaserapidlytowardtheexit.Theseresultsindicatethat
if H istobe constant,thepressuregradientmnstbe reducedmore
rapidlytowardtheexitthsnispossiblewitha conicalduct;thus,the
efitslopeshouldbe lessthanthemadnumslope.Availabledatafor
valuesof (r- 5*)asa ~~tion of x fortheconicaldiffusersof
references2 and4 indicatethata reasonableefitslope”isfrom2°to 3°.
Thisrangeis sonarrowthatthee=t slopeisconsideredtobe constant
andthevalueof a wasselectedas0.035,whichisthetangentof 2°.

.
The&t slope,aswellasthemaximumslopeexpressedby equa-

tion(4),doesnotincludecorrectionsto offsettheeffectsofboundary-
layergrowth.Experimentalmeamrementsof 5* in conicaldiffusers
(refs.2 and4)indicatethattheeffectofboundary-layergrowthcanbe
takenintoaccountapproximatelyby a constantincrementalwall-divergence
angleoffrom1/2°to 1° exceptnesrtheexit.Neartheexit,thegrowth
of 5* wasunusuallyrapidandasa result,H becameverylarge.How-
ever,inthepresentinvestigationofdiffuserswitha reductioninwall
slopetowardtheexit,andwitha maximumslopeof10°or12°,useofa
constantdivergencehalf-angleof10 forboundary-layercompensationwas
consideredsatisfactory.As a result,thetotaldivergenceanglesfor
thetwovaluesof E12t\r2t become13.5°and8°. Thisticrementalangle
wasaddedtothewallcontoursafterthecontourshadbeencalculatedby
equations(1)and(2);thus,allductmodelshadan initialtotaldiver-
genceangleof2°. TheconstantK in equation(1)determinesthevalue
of x/r2zatwhichthewallcontourcloselyapprodmatestheselected
exitslope.Thiscondition,as indicatedby tispectionofa familyof
curves,occursat K(x/r=~)= 2.0. Forthediffusermodelsitwasdecided
tl@tthewallslopeshouldreducetotheetitslopewhentheductcross-
sectionalareaistwicetheentrancearea.Theseboundaryconditions
resultinthevalueof K being0.326 forthe13.5° diffusers.

APPARA!I!USANDTEST

Ducts.

Oneoftheductsofthisseriesoftestsis shownmountedonanair
intakepipeinthephotographoffigure”1,andthegeneralarrangementof
thetestapparatusis showninffgure2. Sevenductswereconstructedof
Fiberglasandpolyederresinandan eighthmodelwasmachinedfroman
aluminumcasting.

Theductcontoursaredesignatedby a numberingsystemthatconsists
ofthemaxhnumtotaldivergenceangle(includingboundary-layercompensa-
tion)andthethroatextensionininletradii.Fiveofthesevenducts
hadthefollowingaxiallysymmetricshapes:

L

—.
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1. 13.50 - 0

2. 13.50- 2

3* 13.5° - 6

4. 80-2

5. 8°c - O.~

fie 8°c - 0.5wasa conicalductwithan entranceextensionpro~dingan’
initial.contouraboutthesameasthe13’.5°- 0 duct.Thisconicalduct
wasincludedinthetestprogramforcomparisonpurposesandbecausethe
shapesdefinedby equation(1)approachtheconicalforthickboundary
layers.!l?he8°c- 0.5ductcontourisnearlyidenticalto an 8° - 0
shapeexceptthattheexitdivergenceofthe8° - 0 ductwouldbe 6°
ratherthan8°. Theordinatesofthefiveaxiallysymmetricductsare
sham infigure3 andthoseoftwooffsetducts,havingthe13.5°- 2
basicshape,areshownin figure4. Thecenter-lineshapesoftheoffset
ductsweresimilartothewall.contourofthe13.5°- 2 duct.Allducts
testedhadtmoat-stationradiiequalto 1.50inches.

Thecastaluminumductwasmadewiththe13.5°- 0 shapeandwasused
to illustrateeffectsof surfaceroughnessandwaviness.Effectsofair
leakageintotheductweredeterminedwiththe13.5°- 0 Fiberglasdudt.
Theinitialsurfaceofthealuminumductwasmachined,polished,painted,
andrepolishedto as smootha finishas couldbe obtained.Therevisions
tothissurfacefinishandthedetailsofthe,leakage-holelocationsin
theFiberglasmodelarediscussedlaterwiththepresentationofthetest
data.

Instrumentation

Measurementsweremadeoftotal-pressurerecovery,mass-flowratio,
exit-flowuniformity,axialstatic-pressuredistribution,entranceMach
number,entranceboundary-layer-thickness,andthedegreeof flowunstead-
iness.Thelocationsoftotal-andstatic-pressuretubesintheducts
areshowninfigure2. Theaveragetotal-pressureratiowasobtainedby
themass-derivedmethodasdiscussedinreference14. Thevaluesof
diffuserstaticpressurenecessaryinusingthismethodwereobtainedby
averagingrakeandwallstatic-pressuremeasurements..~eexittotal-
pressurerakewaslocatedatthevaluesof x/r2~ forwhichthearea
ratio,A2?/&,was0.51foralltheductstested(seefig.3). Alternate
andpossiblymoredesirablelocationswouldbe atvaluesof x/r29 for
equalflowvelocitiesontheductcenterlineata givenmassflowin
allmodels.‘Thesevaluesof x/r2v,intheoryarethosefora fixedarea
ratiointheductcontourswithoutboundary-layer.compensation.However,
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locationoftheexitrakeatthesestationsrequiresmoreconfidencein
themethodofboundary-layercompensationthanappesrsjustified,and,as
a result,therakewaslocatedas indicatedinfigure2. Thequantityof
airflowwasmeasuredby a standardA.S.M.E.orificemeterdownstreamofthe
testduct.Inaddition,a smalladjustabletotal-pressureprobein con-
junctionwitha surfacestatictubewasusedtomeasuretheboundary-
layervelocityprofilesat onepetitnearstation2?. Theprobeanda
micrometerheightgagewhichwasadaptedforsurveyingthinboundary
layersallowedmeasurementstowithin0.012inchofthesurface.A piezo-
.electricpressurecelltogetherwithan oscillographwasusedtomeasure
theamplitudeof static-pressureoscillationsintheflowattheduct
exit.Thepressure-cellinstrumentationhadessentiallylinearresponse
inthefrequencyrangefromO to 3000cyclespersecond.

Theefit-velocitydistributionsmeasuredinthepresentinvestigation
werecomparedtiththosepresentedinreference14inwhichananalysis
wasmadeoftheaccuracyofvariousmethodsofcalculatingtotal-pressure
recoveryandtheextenttowhichtheaccuracymaybe affectedby exit-
velocitydistribution.Thecomparisonindicatedthatata mass-flowratio
of0.95,themaximumdifferencebetweenthetotal-pressurerecoveriespre-
sentedhereinandthosewhichcouldbe calculatedby themostexactmethod
ofreference14 shouldbe onlyaboutO.~ percent.Thevaluesof static-
pressureunsteadinesscorrespondingtothemeasuredexit-velocitydistri-
butionsinthestraightductswerefoundtobe consistentlylessthan
about1-1/2percentofsmbienttotalpressure.It isassumedthatwhen
thevalueofflowunsteadinessislessthanthisamounttheinaccuracies
oftotal-pressuremeasurementsareequaltothosein steadyflow.A
gradualdeteriorationofaccuracyistobe expectedwithincreasing’flaw
unsteadiness.

Tests

Preliminarytestswereconductedto developa techniqueforobtaining
desiredboundary-layerthicknessesatthediffuserentrance(minhxnarea
station). Itwasfoundthata seriesofwireringsabout1 inchapart
upstreamofthethroatwouldproduceadequatelythickenedboundarylayers
up to e21/r21ofabout0.016.Greatervaluesresultedina deterioration
inrepeatabilityandwerenotused.As a result,the8°”ductswerenot
testedatthedesignvalueof EJ21/r2!whichwas0.022.Wiresof several
differentdismetersfrom0.032to 0.125inchwereusedandconsiderable
careinwireinstallationwasrequiredto obtainadequatelyrepeatable
boundary-layersurveys.Theboundary-layerthicknessdecreasedonly
slightlywithincreasingthroatMachnumber.Thetablebelowliststhe
trip-wiresizesandtheirlocationsfortheprofilesusedinthepresent
investigation(showninfig.5).
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Attachedflow I

e2t/r2r

A 0.00143
B .00826
c .01560

Wirelocation,
in.upstreamfrom Wiredi~etery

station21 in.

Nowire
1.3 0.040

0.75, 1.3, ‘2.?5 0.040

Se~aratedflow I

Wirelocation,
b*/r2t in.upstreamfrom Wiredia&eter,

station2! in.

D 0.0147 0.25 0.030
E .0600 At station21 .062
F .0906 At station2? .125

I I I

orderto obtainseparatedboundarylayers,itwasnecessaryto

11

locatethewireringatorjustaheadofthe&nf&m -areastation2*.
Withsucha wirelocation,reattachmentwasapparentlycontrolledby the
magnitudeoftheinitialdivergenceinthediffuser.Inthecaseofthe
thinnestseparatedboundarylayer(designatedD infig.5)reattachment
hadalreadyoccurredaheadoftheprobemeasuringstation.‘Themomentum
thi.ctiessesoftheattachedprofilesandthedisplacementthiclmessesof
theseparatedprofilesaretabuJ_atedfifigure5. me displacement
thicknessoftheseparatedprofilehasbeenusedinpreferenceto the
momentumthiclmessbecausedisplacementthiclmessincreasesconsistently
withincreaseddepthoftheseparatedregion.Thereverseflowvelocities
inthesepsratedportionoftheboundarylayerswerenotmeasured,and,
asa resul.t,,thereversevelocitieswereassumedtobe zeroin computing
displacementthiclmess.

RESUZTSANDDISCUSSION

TherangeofinletMachnumbersofprimaryinterestinthepresent
investigationisbetween0.77and1.0. A Machnumberofunitywould
occurinan optimusupersonicinletwithisentropicflowwhilea Mach
numberof0.77isthatwhichedstsbehinda normalshockwaveata free-
stresmMachnumberof1.3. Thestatic-pressure-riseratioforthisnormal
shockwaveisappro~tely thatwhichwillseparatea turbulentboundsry
layer(seeref.15)andthus0.77representsa lowerlimitof Mzi with-
outseparationoftheinitialboundarylayer.

— —.—.. _ ,_ _.. _ __
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Threecurveshavebeenpreparedto facilitateinterpretationofthe
testdata.In figure6,mass-flowratioisplottedas a ~ction ofinlet
MachnumberM21 forthethreeattachedboundsry-layerMet conditions.
The M2~ rangeofprimaryinterestas discussedaboveisalsodenotedin
thefigure.Theplotofa flow-uniformityparameterV#i3 asa function
oftotal-pressureratio~3/~- is showninfigure7. Thecurvesof
figure7 wereobtainedby employingtheassumptionsthatthetotal-pressure
recoveryat somepointnesrtheductcenterat station3 wasequalto
R. andthatthestatic-pressurevariationacrossstation3 wasnegli-
gible(seeAppendix).Theseconditionsaresatisfiedatmass-flowratios
up tothatatwhichtheflowunsteadinessexceeds1-1/2to 2 percentof
Pt forallexcepttheoffsetducts.Inlettotal-pressureratiosare
pr~sentedinfigure8 forthevariousentryconditions.Thesevalues,
whencombinedwiththepressureratiosinfigures9, 17,and18 forcorre-
spendingmass-flowratios,providethevaluesof p /ptg -tmnecessaryto

obtainindicationsofflowuniformityfromfigure7. Thecurvesoffig-
ure7 showthatonlysmalllossesintotalpressureareacceptableifa
lowvalueoftheuniformityparameterV~V3 istobemaintained.2It
shouldbe notedthatthecurvesoffigure7 wereobtainedby theuseof
mass-derivedvaluesof pt~.

Forsimplicityofpresentationthediscussionisdividedintothe
followingfoursubheadings:

1. &dallysymmetricductstithattachedinitialboundarylayers

2. Axiallysymmetricductswithseparatedinitialboundarylayers

~. DuctsWithoffsetaxes

4. Surfaceconditions

AxiallySymmetricDucts
IMtialBoundary

WithAttached
Layers

Thetotal-pressureratiosobtainedintestsofthefiveatiallysym-
metricductsforthreevaluesof (12s/r21arepresentedinfigure9.
Correspondingvaluesofthemoreconventionaltotal-pressureloss

%Cheductarearatio(A2t/A3= 0.510)resultsinthemaximmMach
numberatthediffuserexit,M3 - 0.3,beinglessthanthatfora typical
turbojetengine,M3 = 0.4to 0.5,inwhich V#S shouldbelessthsm
1.2. Theallowablepressurelossfor V~~g < 1.2wouldbe greater
forductswithhighermaximumvaluesof Ms. Theallowablevaluesof
V~~3 forram-jetengines,whichuselcwervaluesof M=,havenotbeen
established.
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coefficient(pt~- Pt2,)~=1aregiveninfigure10forcomparisonwith
resultsofotherdiffuserinvestigations.Inmakingsuchcomparisonsone
shouldrecognizetheeffectsoftheaveragingmethodsonthevaluesof
total-pressureratio.(Seeref.14.)

Theeffectofinitialboundary-layermomentumthiclmessontotal-
pressureratioismostclearlyillustratedby a crossplotoffigure9.
Sucha crossplotfor MS = 0.3is showninfigure11. Thetotal-pressure
ratiosareapparentlyas sensitiveto initialboundary-layerconditions
astotherangeofductshapesthatwereinvestigated.Forthininitial
boundarylayersthechangeofpressurerecoverydueto ductshapewas
greaterthanforthickboun@rylayers.Theuseof extendedentrysec-
tionsresultedinlowervaluesofpressureratioforthinboundarylayers
as canbe seenby thetrendofthecurvesforthe13.5°- 0,13.5°- 2,
and13.5°- 6 ducts.Theseresultsandtheempiricalequationsindicate’
thatfora thininitialprofiletheflowshouldbe diffusedrapidly.
This,ofcourse,suggestsremovingtheboundarylayeratthediffuser
entry.It ispossiblethatreducingmaximumslopewithincreasingentry
length,by usinga lowervalueof S inequation(2),couldprovide
@roved pressurerecovery.Althoughtestswerenotconductedatthe
geaterdesignvalueof @2~/r2!,0.022,theresultsshowninfigure11
indicatethatthe8° - 2 ductcouldbebetterthantheotherswiththick
boundarylayerseventhoughsomeentryextensionwasused.

Thelongitudinalstatic-pressuredistributionsoftheductsfor
M~.=0.3areshowninfigure12. It isof importancethattheinitial
rapidriseinpressurethatismostapparentwiththelongestduct
(13.50- 6)wasfound,by assumdngone-dimensionalflow,tobe dueto
the1°incrementaldivergenceangleforboundary-layercompensation.
Thus,theneedforzeroinitialslopetomaintainlowinitialpresme
gradientsis evident.h viewoftheeffectofthemethodofboundary-
layercompensationcmthepressuregadient,itisapparentthatthe
boundsryconditionof (dr/dx)2~= O shouldbe imposedin compensation
methodsaswelJas inductcontourequations.

The flow steadiness resultsshowninfigure13 indicatethatthe
flowisneversteadyatthehighermass-flowratios(m2~/m2~*>0.50).
Themaximumtotalamplitude,andalsothefrequency,gincreasesteadily 1
withincreasingmass-flowratio.

.,
Theuniformityofthetotal-pressure

profilesinfigure14indicatesthatthebasicoscillationisprobably
notdueto flowseparationwhichalsoindicatesthattheexitslopewad
nottoolarge.Increasingboundary-layerthiclmessresultedingreater
unsteadinessand,occasionally,singlehigh-amplitudeoscillationswould
occur● In somemodelsa definitebeatfrequencyofrisingandfalling

?l?hepredominantt frequencyincreasedto a maximumvalueofappro&-
mately1200cyclespersecondat m2t/m2~*+ 1.0.

-’—
~. .

--- . . . . .— —- ..—.-. .— ——.— .—. . . ..— —.—— ..- —.— —— -
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smplitudewasindicatedandwasaudibleaswell. Themcudmumamplitudes
oftheseoscillationsareindicatedas solidsynibolsinfigure13.

TheflowuniformityparameterV~~3 wascalculatedfortheflow
showninfigure14(a)to tidicatethelevelofuniformityattainedat
highmass-flowratioswiththethinnestboundarylayer.Bothdirect
integrationofthelocalvelocitiesanduseoffi~es 7 and8 resultin
(V#.) =1.21st themass-flowratioof0.980.At lowermass-flow
ratiostheflowismoreuniform.Alltheotherducts,however,hadhigher
valuesof V~73 at equivalentpercentagesofthemaximummass-flow
ratiowiththethinnestboundarylayerandhadstillhighervalueswith
thickerboundarylayers.

Thebestductshapeofthoseinvestigatedwitha thinattachedinitial
boundarylayerisapparentlythe13.5°- 0 shape.However,anincrease
ininitialboundary-layerthicknesscausesa rapidreductionintotal-
pressureratioandthe8°c- 0.5ductbecomesthebest.Withthickbound-
arylayersthe8° - 2ductappearsbest. Thistrendisin agreementwith
thetrendsuponwhichequation(1)andtheconstantswerebased.A sig-
nificantconclusionofthisportionoftheinvestigationisthatthe
initialboundary-layerthiclmessisasimportantasthewallcontourin
determfniugthepressurerecovery,flowuniformity,andflowsteadiness
athighmass-flowratios.

&dallySymmetricDuctsWithSeparated
InitialBoundaryLayers

Ductswitha ~ divergenceangleof 13.5° weretestedwiththree
thiclmessesof separatedinitialboundarylayers.Thetotal-pressure
ratiosattainedin‘thesetestsareshowninfigure15anda crossplotat
a constantvalueofdiffuserdischargeMachnumberof0.25is shownin
figure16. Thehighpressurerecoveriesforthe13.5°- 6 ductat
(b*2,/r2t)= 0.06 areconsistentwiththelowvaluesofthestatic-
pressurefluctuationsshowninfigure17. It isapparentlypossible,
withlongentrylengths,to attainaslowvaluesofflowunsteadiness
withinitialseparationas areattainedwithunseparatedflow.Thegen-
eralshapeofthecurvesinfigure16andcomparisonwiththetotal-
pressureratiosforthinattachedinitialboundarylayersindicatesthat
entrylengthhasa favorableeffectwhentheinitial.boundarylayeris
sepsrated.Therapidreductionintotal-pressureratioat largevalues
of S*2t/r21,however,suggeststhatthereisa practicallimlttothe
valueof b*/r thatcanbe allowedininletdesign.
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DuctsWithOffsetAxes

Thetotal-pressure ratiosattainedwiththeoffsetductsaresham
infigure18, anditisapparentthattheoffsetshavecausedsubstantial
additionallossesrelativetotheaxially,symmetricduct.As shom%y a
comparisonoffigures19and13,thepressmelossfortheductwiththe
r=I offsetisaccompaniedby atleastdoubledvaluesofflowunsteadiness
(Apa/ptm)atmostmass-flowratios.Exitvelocitydistributionsindicate
thatsomeseparationalwaysoccurredintheoffsetducts.As a result,
theflowuniformityathighmass-flowratiosinbothoffsetductshad
valuesgreaterthan Vm/~3= 1.5.

Testswerealsoconductedwithsemicircularboundary-layer-thickening
wireslocatedsoasto affectonlythesteepersideoftheduct(upper
surfaceinfig.4). Theamplitudeofflowoscillationswiththesecircum-
fer”entiallynonuniformboundary-layerthicknessdistributionswereessen-
tiallyidenticaltothoseobtainedwithequalsizeannularwiresas shown
infigure19. Theperformanceoftheoffsetductsisobviouslyaffected
by thechoiceof shapeandmean-linecontour,anditisprobablethat
somewhatbettershapesthanthosetestedareattainableforthesame
lengthandoffset.

SurfaceConditions

Theinvestigationof surfaceconditionswasconductedwiththe
13.5°- 0 ductshape,andseveralrougbnesses,wavinessamplitudes,and
leakageconditionswereinvestigated.Theresultsobtainedwiththe
thinnestattachedboundarylayersareshowninfigures20and21. Results
obtainedwiththickerboundarylayerswitheachsurfaceconditionshowed
somereductionintheadverseeffects.Sincethemeasuredeffectsof
surfaceconditionsweresmall,onlythedataforthethinnestboundary
layerarepresented.

Surfacerou@ness.-Therangeof”roughnessinvestigatedwasfromthe
smoothpolishedaluminummodelto a surfacewithdiscretecircumferential
ridgesthroughouttheduct(fig.20(a)).Theseridgeswereproducedby
tapestrips.Thetapewas0.003inchthickand3/4inchwideandwas
placedin circumferentialstripsatnumerouspositionsintheduct.The
tapethicknesswas1.4timesthemomentumthichessoftheboundarylayer
atthethroat.Thedimensionsofthesandedroughnessandslightwaviness
inthemodelsindicatedinfigure20(a)werenotmeaswed. Thesanded
roughnesswasdefinitelyperceptibletothetouch.Theslightwaviness
wasduetononuniformshrinkageofthepolyesterresinfromwhichthe
modelwasmadeandwasveryperceptiblewhenviewedwitha lightshining
axiallythroughtheduct.Theeffectsofthisrangeof surfaceconditions
smountedto about1 percentreductioninpressurerecovery.

——..———.—
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Surfacewaviness.-Theeffectofduct-walldeflectionsthroughout
full-scaleductsunderinternalpressureloadswassimulatedas shown
infigure20(b).Itwasassumedthattheductshell.woulddeflect
betweenrigidcircumferentialstiffeners,andwaveamplitudes(model
scale)ofO,0.010,0.020,and0.0@3tichwereused. Increasingwaviness
causedthesmallreductioninpressureratioshuwninfigure20(b);how-
ever,somechangeinflowunsteadinessis showninfigwe !Z1.Theflow
uniformitywaslittleaffected......-_..-

AirJeakageintoduct.-Theleakageinvestigatedoccurredthrough
groupsofl/32-inch-diameterholesdrilledatabout3/32-inchspacings
at eachductstationas showninfigure20(c).Leakageintothedown-
streampartoftheducthadlittleeffectonpressurerecovery.A sig-
nificantreductionh total-pressureratiooccurredathighmass-flow
ratioswhenleakagewasallowednearthethroataswellas inthedown-
streamregion.

Slmmwyof surface-conditiontests.-Itwasanticipatedthatthe
13.50- 0 ductwouldbe particularlysensitiveto surfaceconditions
becauseofthelsrgema&mm diverg&ceangle.However,theresults,
particularlywithroughnessandwaviness,resultedinunexpectedlysmall
~iations inpressurerecovery.It appearslikelythatthisresultis
relatedtothemeasuredincreaseinflowuniformitywithincreasingextent
of surfaceroughnessreportedinreference16.

.

CONCLUDINGREMARKS

Theexperimentalresultsofthepresentinvestigationprovidesub-
stantiationforthedesigntrends,uponwhichtheempiricalequations
werebased,asfollows:

1. When theentryflowwasnonuniform,thatis,separatedbound-
arylayer,extendedentrylengthsresultedinbetterpressurerecovery,
aswellasmoresteadyandunifomflowattheductexitstation.

2. Theinitialslopemustbe zerofornearsonicentryconditions
fortheductcontourwithorwithoutboundary-layercompensationto
havelowinttialpressuregcadients.

3. The anpirical interrelationship oftheparameter OZ~/r2t
andthemaximumdivergenceangle,thatwasusedinderifigtheduct
shapes,providedhighpressurerecoveryandsteadyuniformflowat
highmass-fluwratioswhentheinitialboundarylayerswerethin.With
thethickestboundarylayerthediffusershapesprovidedby theempiri-
calrelationsarenearconicclandprovideatleastas goodperformance
aslow-angleconicaldiffusers.
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4. Althoughtheemitslopewasnota variableinthepresent
investigation,thefactthatsteadyuniformflowwasobtainedinthe
13.5°- 0 ductathighmassflowswiththininitialboundarylayers
indicatesthattheetitslopewasnottoolarge.

Otherresultsoftheexpertientalinvestigationare:

1. Fortheaxiallysymmetricmodels,theeffectontotal-pressure
ratioofinitialboundary-layerthiclmesswasfoundtobe as greatas
thatoftherangeofductshapesinvestigated.Thisjof course,indi-
catestheadvisabilityofmaintainhgthininitialboundarylayersto
allowuseof shortdiffusers.

2. Theoffsetductsofthepresentinvestigationsufferedlosses
inallperformanceparametersrelativetotheequivalentatiallysym-
metricdiffuser.As a result,itappearsadvisabletominimizethe
offsetinductdesign.

3* Theeffectsofthesurfaceconditionsinvestigatedonthe
lossesintotal-pressureratio
occurredwithairleakageinto

AmesAeronauticalLaboratory-
NationalAdvisoryCommittee

MoffettField,Calif.,

werenotlarge.Thelargest.losses
theductneartheentry.

forAeronautics
Sept.6, 1955

-—.- ..—.—.-—- .-...— .—..— — ——— . .—— ——
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APPENDIX

FLOWUNIFORMITY

In subsonicincompressibleflow

(~ - pm)pt.
(Pt=-Ps)pt~

and

where

‘tm maximumvalueof

%s averagevalueof

Ps averagevalueof

()CIm Vm 2=—=—
~3 v=

‘(%J’%3) 1-(pmp3)(p3/pt3)“2
1- (P3/Pt3)

localtotalpressureatthesurveyrakestation

thetotalpressureatthesurveyrakestation

thestaticpressureatthesurveyrakestation

pm staticpressurecorrespondingto ptm-

where ~ designatesthem

P% Ptm%m—= ——
%3 %m %3

free-streamtotalpressure.

b ductswhereisentropicflow

Also,iftheflowis steady
iS kw (M3<0.30)~ C!SJl
error.Then

p-t~
—=
Ptm

andthe

etistssomewhereinthestreamtube

1.00

averageMachnwiberattherakestation

be assumedequalto 1.00withoutappreciable
.
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[11 P9 lJ2
.—

Vm PtJ%m pt3
~’ 1- (PJPt3)

Theratioofthemaximumlocalvelocitytotheaveragevelocityis

thena functionoftheaverageMachnumber
(
%

)
— = f(M3)andthetotal-
%=

pressureratio pt./Ptm.Sincethesetwoveriablesalsodeterminethe

ductmass-flowratio, m2t/m2f*,whentheductgeometryisknown,the
velocityratio V-?9 canbeplottedasa functionofmass-flowratio
withthetotal-pressureratioasanindependentvariable(seefig.7).

-— -———.—.. ——. —.....— — .—..— __ ..- —.—. —.——
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